Maize is subject to ear rot caused by toxigenic Aspergillus and Fusarium species, resulting in contamination with aflatoxins, fumonisins, trichothecenes, and zearalenone (ZEN). The trichothecene group and ZEN mycotoxins are produced by the cereal pathogen Fusarium graminearum. A transgenic detoxification system for the elimination of ZEN was previously developed using an egfp::zhd101 gene (gfzhd101), encoding an enhanced green fluorescent protein fused to a ZEN-degrading enzyme. In this study, we produced a transgenic maize line expressing an intact copy of gfzhd101 and examined the feasibility of transgene-mediated detoxification in the kernels. ZEN-degrading activity has been detected in transgenic kernels during seed maturation (for a period of 6 weeks after pollination). The level of detoxification activity was unaltered after an additional storage period of 16 weeks at 6°C. When the seeds were artificially contaminated by immersion in a ZEN solution for 48 h at 28°C, the total amount of the mycotoxin in the transgenic seeds was uniformly reduced to less than 1/10 of that in the wild type. The ZEN in the transgenic maize kernels was also efficiently decontaminated under conditions of lower water activity (a w ) and temperature; e.g., 16 .9 g of ZEN was removed per gram of seed within 48 h at an a w of 0.90 at 20°C. F. graminearum infection assays demonstrated an absence of ZEN in the transgenic maize seeds, while the mycotoxin accumulated in wild-type kernels under the same conditions. Transgenemediated detoxification may offer simple solutions to the problems of mycotoxin contamination in maize.
Maize is one of three major cereal crops that dominate world agriculture. Maize kernels are processed primarily for livestock feed (78%) and, to some extent, for human consumption (13%) (28) . In substantial proportions of maize-producing areas worldwide, the crops are subject to contamination from mycotoxins (22) . Although numerous toxic fungal metabolites may be found in maize kernels, studies have focused on four major mycotoxins: aflatoxins associated with Aspergillus ear rot and fumonisins, trichothecenes, and a myco-estrogen zearalenone (ZEN) associated with Fusarium/Gibberella ear rot (16, 27) . The risk of contamination with these mycotoxins has been recognized for decades, but preventive measures remain costly and inadequate.
Recent advances in the study of plant pathology have opened the way to achieving transgenic resistance to fungal pathogens, including toxigenic fungi and their toxins (2) . However, transgenic strategies have not been successful in achieving a convincing and practical level of resistance to fungi in the field (4) . An alternative way to address mycotoxin contamination could be transgene-mediated detoxification in plants by the deployment of anti-mycotoxin antibodies (plantibodies) (35) or mycotoxin-degrading enzymes (12) . The latter idea is being tested with genetically modified (GM) maize engineered so that fumonisin B 1 is eliminated through the expression of the fumonisin esterase and amine oxidase genes of Exophiala spinifera (4). However, there have been no published data that support the practicality of mycotoxin-degrading maize. Fusarium graminearum is a broad-range fungal pathogen that infects a number of important crops worldwide (7) . It is a causal agent of Gibberella ear rot in maize and Fusarium head blight in wheat and barley, diseases by which grains become contaminated with trichothecene group and ZEN mycotoxins. The fungus enters maize ears down the silk or through insect wounds to the kernels and cob. Under field conditions, the time courses of the fungal growth and mycotoxin level vary depending on the environmental conditions (25, 26) , but the mycotoxin appears to increase toward the late milk stage. As to the removal of ZEN, a gene for detoxification (designated zhd101) encoding an alkaline lactonohydrolase was cloned and characterized (29) . In this study, we established a homozygous maize line stably expressing zhd101 and conducted laboratory scale experiments to see whether transgenic detoxification is feasible or not for mitigation of the mycotoxin problems caused by F. graminearum.
MATERIALS AND METHODS
Plant and plasmid materials. The Zea mays inbred line A 188 (JP no. 808) was supplied by the National Institute of Agrobiological Biosciences (NIAS) GenBank-Plant. Plants were grown in a greenhouse under conditions of a 12-h photoperiod (400 W metal halide lamp; Toshiba) at temperatures of 25°C in the day and 20°C in the night.
For easy monitoring of the ZHD101 enzyme's distribution in various tissues, we previously constructed an egfp::zhd101 gene (hereafter designated gfzhd101) that encodes an enhanced green fluorescent protein (EGFP) N-terminally fused to ZHD101 (30) . In this study, we constructed the plasmid pEU-⍀gfzhd101 containing gfzhd101 under the control of the Act1 promoter (20) and an ⍀ translation enhancer (32) .
Transformation of maize. The culture and transformation of maize were done following the method reported by Frame et al. (5) with modifications. Briefly, immature embryos (approximately 1.5 mm) were placed embryo axis-side down on D1.5 medium (Murashige minimal organic medium [Invitrogen, Carlsbad, CA] supplemented with 1.5 mg/liter 2,4-dichlorophenoxyacetic acid, 0.5 mg/liter nicotinic acid, 0.5 mg/liter pyridoxine HCl, 700 mg/liter L-proline, 1.7 mg/liter silver nitrate, 20 g/liter sucrose, and 8 g/liter agar) so that calluses could form. The plates (90 by 20 mm; Eiken Co., Tokyo, Japan) containing the plant materials were sealed with surgical tape (3M Health Care, Borken, Germany) and incubated at 28°C in the dark.
After 4 to 7 days, embryos producing calluses were transferred to D2Man medium (Murashige minimal organic medium supplemented with 2.0 mg/liter 2,4-dichlorophenoxyacetic acid, 30 g/liter sucrose, 72.8 g/liter mannitol, and 2.5 g/liter gellun gum) with the scutellum side up. The embryos were cobombarded with plasmids pDM302 (3) and pEU⍀-gfzhd101 (2 g each) at 650 lb/in 2 at a target distance of 9 cm using a PDS-1000/He biolistic system (Bio-Rad, Hercules, CA). After an overnight culture, the bombarded embryos were transferred to a selection medium (D1.5 medium without L-proline, supplemented with 2.5 mg/ liter bialaphos) and subcultured every 2 weeks.
Selected calluses showing expression of EGFP and resistance to bialaphos were transferred to SE medium (Murashige minimal organic medium supplemented with 0.5 mg/liter nicotinic acid, 0.5 mg/liter pyridoxine HCl, 0.5 mg/liter bialaphos, 60 g/liter sucrose, and 1.5 g/liter gellun gum) for somatic embryogenesis and cultured at 25°C under 24-h illumination. The somatic embryos were transferred to RE medium (1/2 Murashige minimal organic medium supplemented with 0.5 mg/liter nicotinic acid, 0.5 mg/liter pyridoxine HCl, 30 g/liter sucrose, and 8 g/liter agar) for plant regeneration.
Southern and Western blot analyses. Genomic DNA was isolated from mature leaves using a Nucleon PhytoPure plant and fungal DNA extraction kit (Amersham Biosciences, Piscataway, NJ). For Southern blot analysis, a digoxigeninlabeled probe was prepared by using a PCR digoxigenin probe synthesis kit (Roche Applied Science GmbH, Manheim, Germany). The probe consists of the entire coding region of gfzhd101 amplified with the following primers: 5Ј-ATG GTGAGCAAGGGCGAGGAGCTGTT-3Ј and 5Ј-TCAAAGATGCTTCTGC GTAGTTTCCA-3Ј. After agarose gel electrophoresis, DNA was transferred to a Nytran N membrane (Schleicher and Schell, Dassel, Germany). Standard hybridization techniques recommended by the manufacturer were used.
Crude protein was extracted from mature leaves (50 mg) of nontransgenic and transgenic plants by grinding in a mortar with 200 to 500 l of extraction buffer (50 mM Tris-HCl, 10 mM 2-mercaptoethanol, 10 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 5% [vol/vol] glycerol, 2% [wt/vol] polyvinylpyrrolidone K25, and 1.5% [wt/vol] poly[vinylpolypyrrolidone], pH 8.0). Twenty micrograms of denatured protein was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis using a 12.5% polyacrylamide gel and electroblotted to a polyvinylidene difluoride membrane (Bio-Rad). The membrane was first incubated with a polyclonal antibody that recognizes GFPs (living colors full-length A.v. polyclonal antibody; Takara BIO Inc., Ohtsu, Japan) and then with a biotinylated goat anti-rabbit immunoglobulin G (heavy plus light chains) (Bio-Rad) as a secondary antibody. Detection was achieved using an AP conjugate substrate kit (Bio-Rad).
Statistical analyses. Observed segregation ratios were compared to the Mendelian 3:1, 15:1, or 63:1 ratio using the chi-square test ( 2 , Ͼ3.84; P, Ͻ0.05). In vitro ZEN degradation assay using maize kernels. The wild-type and homozygous T 3 seeds (self-pollinated progenies derived from line N11-2-19 or N11-2-21) were harvested after seed maturation (6 weeks after pollination) and then stored for 16 weeks at 6°C. The moisture content was determined by heating the grains at 80°C for 16 h. The value of the water activity (a w ) was measured using a water activity meter PawKit (Decagon Devices Inc., Pullman, WA) calibrated with the salt solutions.
For assaying the degradation of ZEN in vitro, seeds were collected at 2 weeks (moisture content, 78%; a w , 0.99), 4 weeks (moisture content, 45%; a w , 0.98), and 6 weeks (moisture content, 14%; a w , 0.82) after pollination, and some seeds collected at 6 weeks after pollination were stored for 16 weeks at 6°C (a total of 22 weeks after pollination). Seeds were ground in a chilled mortar and the crude protein was extracted with buffer A (50 mM Tris-HCl, pH 7.0, 10 mM EDTA, and 5% glycerol). The protein concentration of this crude protein extract was adjusted to 0.2 mg/ml with buffer A. The enzymatic reaction was initiated by adding 5 l of ZEN stock solution (5 mg/ml in dimethyl sulfoxide) to 495 l of crude protein extract in a siliconized microtube. After 4 or 24 h of incubation at 30°C, a portion of the reaction mixture (50 l) was mixed with methanol (450 l) and the resulting sample was passed through a 0.2-m Millex-LG filter (Millipore, Billerica, MA). An aliquot (10 l) was analyzed using a high-performance liquid chromatography (HPLC) system (SCL-10A; Shimadzu) equipped with a PEGASIL octyldecyl silane column (diameter, 4.6 mm; length, 250 mm; Senshu Scientific Co., Tokyo, Japan). Samples were eluted with 0.1% trifluoroacetic acid-acetonitrile (4:6) at a flow rate of 1.0 ml/min at 40°C. ZEN and its degradation product, 1-(3,5-dihydroxyphenyl)-10Ј-hydroxy-1Ј-undecen-6Ј-1 (DPHU) (11, 29) , were monitored at 254 nm. The experiments were carried out in triplicate for both the wild-type and T 3 seeds.
In vivo ZEN degradation assay using maize kernels. Four-week-old wild-type and homozygous T 3 seeds (self-pollinated progenies of N11-2-9) were surface sterilized with 80% ethanol, rinsed with sterilized water, and placed in a siliconized polypropylene centrifuge tube (50 ml; BD Falcon, Franklin Lakes, NJ). An equal amount of ZEN solution (50 g/ml) was added to each tube and the kernels were allowed to absorb ZEN at 28°C for 48 h. After the incubation, the seeds were lightly tapped against the inner wall of the tube to remove excess liquid on the surface and then dissected into three parts: embryos, endosperms, and pericaps. After each tissue was ground in a chilled mortar, the sample was transferred to a 50-ml tube and mixed with 80% acetonitrile (4 to 10 times the amount of each tissue). Each sample was homogenized using a handy micro homogenizer (Physcotron; Microtech Co., Ltd., Chiba, Japan) and ZEN was extracted by gently shaking the mixture for 2 h. The concentration of ZEN was determined by HPLC based on the fluorescence of ZEN (excitation, 278 nm; emission, 460 nm).
Influence of water activity (a w ) and temperature on ZEN degradation. To evaluate the influence of environmental conditions on the ZEN-degrading activity of transgenic kernels, the in vitro and in vivo ZEN degradation assays were also carried out under conditions in which the a w was adjusted to 1.00 (at 30°C), 0.97 (at 25°C), and 0.90 (at 20°C) by adding sodium chloride. The in vitro and in vivo ZEN-degrading activities of transgenic kernels were measured as described above, except that 80% methanol was used for the ZEN extraction in the in vivo experiment (normalized to the efficiency of 80% acetonitrile extraction for comparison). These experiments were carried out in triplicate.
Inoculation of maize kernels with F. graminearum. Four-week-old maize seeds (moisture content, 45%; a w , 0.98) surface-sterilized as described above were placed in a sterilized 100-ml Erlenmyer flask and mixed with a mycelial plug of F. graminearum ZEA-1 (33) . Each flask contained a mixture of six wild-type and six homozygous T 3 seeds (self-pollinated progenies of N11-2-9). The flasks were placed in a sealed plastic box containing water (equilibrium relative humidity, 100%) and incubated for 7 to 8 days at 25°C. After the incubation, the mycelia on the surface of the kernels were lightly scrubbed with paper, and then the seeds were lightly rinsed with water. The seeds were divided into wild-type and transgenic groups, and each group was separately analyzed by HPLC for the amount of ZEN as described above. The experiment was independently carried out 5 times.
RESULTS
Transformation of maize with pEU-⍀gfzhd101. Maize embryos cobombarded with pEU-⍀gfzhd101 and pDM302 were selected with bialaphos, and the calluses with EGFP fluorescence were regenerated into plantlets as described in Materials and Methods. Seven independent T 0 lines were obtained from the approximately 1,500 embryos bombarded. The genomic DNA of these lines was digested with XbaI, which does not cut the vector, and examined by Southern blotting using gfzhd101 VOL. 73, 2007 ZEARALENONE-DEGRADING TRANSGENIC MAIZE 1623 as a probe. As shown in Fig. 1a , many lines carried multiple copies of the transgene in the genome, which is often the case with the biolistic method. Epifluoresence stereomicroscopic observation of mature T 0 leaves revealed that three transgenic lines, N4, D2, and M3, which carry multiple copies of the transgene, did not show EGFP fluorescence at this developmental stage, presumably due to gene silencing. Consistent with this observation, Western blot analysis also demonstrated that the fluorescent ZEN-degrading enzyme was produced only in lines N11, D9, ND24, and J30 (Fig. 1b) .
Inheritance of the transgene. The EGFP-positive transgenic lines were self-crossed to obtain T 1 seeds, which were used for self-crosses in successive generations to achieve homozygosity for the transgene. While lines N11, D9, and J30 were fertile and produced viable T 1 seeds, ND24 failed to produce anther dusts and T 1 seeds were not obtained. Out of 301 and 473 T 1 seeds originating from T 0 lines D9 and J30, 262 and 311 seeds, respectively, showed EGFP fluorescence. These expression patterns of the transgene differed significantly from a single-or multiple-site integration of the transgene as assessed with a chi-square test. As to progenies of N11, 52 of 71 T 1 seeds showed EGFP fluorescence, which did not differ significantly from a 3:1 Mendelian segregation for a single insertion site ( 2 , 0.117; P, Ͻ3.84). For the subsequent characterization of transgenic plants, we used progenies of line N11. Figure 2 traces the integration patterns of gfzhd101 in self-pollinated progenies of line N11. When DNA was digested with ClaI, which does not cut the probe, one intense and two faint bands were detected from the T 0 and T 1 progenies, except for the line N11-3 T 1 progenies (Fig. 2a and b) . Lines N11-5 and N11-6 failed to produce seeds, and lines N11-3 and N11-4 were heterozygous, as suggested by the segregation pattern of the EGFP-fluorescence in the self-pollinated T 2 generation. Among these T 1 progenies, only line N11-2 produced 100% fluorescent T 2 seeds expressing gfzhd101. The T 2 plants N11-2-9 and N11-2-20 lost the two faint bands that were observed on the Southern blot of the parent N11-2, and only a single ClaI fragment was detected (Fig. 2c) . When the T 3 progenies derived from N11-2-9 were analyzed by Southern blotting, they were found to have similarly inherited this single banding pattern (Fig. 2d ). These T 3 progenies and their T 2 parent N11-2-9 revealed a single band with another no-cut enzyme, BglII, and double bands with a single-cut enzyme, Bsp1047I (data not shown), suggesting that they are homozygous carrying a single copy of the transgene. These self-pollinated progenies of N11-2-9 were used for in vivo ZEN detoxification and Fusarium infection assays. In vitro ZEN-degrading activities of transgenic seeds. To evaluate the ZEN-degrading activities of the transgenic maize kernels, crude protein extracts were prepared from the T 3 seeds and used for the in vitro detoxification assay. Compared to a blank control (data not shown), no decontamination was observed with the protein extract prepared from the wild-type kernels during seed maturation (Fig. 3) . In contrast, the amount of ZEN decreased significantly in the transgenic reaction mixture compared to the amount in the control reaction mixture with heat-denatured transgenic seed extract (data not shown) or the amount in the wild-type seed extract. With 4 h of incubation, the detoxifying activity was most evident in developing seeds at 2 weeks after self-pollination. The enzyme activities were decreased in seeds at 4 weeks, 6 weeks, and 22 weeks (6 weeks on the cob with an additional 16 weeks of storage at 6°C). When the incubation time was increased to 24 h, nearly all the ZEN in the reaction mixture was eliminated by the transgenic protein at all stages of seed maturation. The cleavage product of ZEN, DPHU, was also detected in the reaction mixture of the transgenic seeds by the HPLC analysis (data not shown). These results indicate that the EGFP-tagged ZHD101 enzyme is produced in an active form in the transgenic maize kernels.
In vivo ZEN-degrading activities of transgenic seeds. T 3 homozygous N11-2-9-z seeds (4 weeks after self-pollination) were immersed in a 50-g/ml ZEN solution and allowed to absorb the mycotoxin for 48 h. After removal of the ZEN solution on the surface, the ZEN-soaked seeds were dissected into embryos, endosperms, and pericarps and then observed under an epifluorescence microscope (MZFLIII; Leica Microsystems GmbH, Wetzlar, Germany). The EGFP-tagged enzyme was found mostly in the embryos and endosperms, and to a lesser extent in the pericarp fraction (Fig. 4a) . This demonstrates that the enzyme can be expressed at a certain level in maize kernels and distributed throughout the kernel tissues.
The amount of ZEN in the supernatant and each of the above three fractions was quantified by HPLC. As shown in Fig. 4b , the wild-type seeds contained a total of 24.6 Ϯ 1.7 g of ZEN per gram of seed, which is far above the usual levels of ZEN found in the field (1/2,000 to 1/500 the level of contamination compared to the level found in this experiment). The concentration of ZEN in the supernatant solution was reduced to 0.83 g/ml, suggesting that most of the mycotoxin in the solution was absorbed by the seeds. Although slightly less ZEN tended to accumulate in the endosperms than in the embryos and pericarps, the distribution patterns of this mycotoxin were not remarkably different in the wild-type seeds (Fig. 4c) .
In spite of the assay conditions that result in such high accumulation levels of ZEN, the transgenic seeds contained only 1.6 Ϯ 0.4 g of ZEN per gram of seed, and the amount of ZEN in the supernatant solution was reduced to 0.16 g/ml. The reduction in the amount of ZEN in the seeds is attributed to degradation by the enzyme, since a large fluorescent peak of DPHU was observed in the HPLC chromatogram of the reaction mixture (data not shown). Again, there were no remarkable differences in the residual amounts of ZEN in the embryos, endosperms, and pericarps of the transgenic seeds (Fig.  4c) . Therefore, the ZEN-degrading enzyme and ZEN are similarly distributed within the maize kernels, suggesting the feasibility of the transgene-mediated detoxification strategy.
Degradation of ZEN in transgenic maize kernels under conditions of lower water activity and temperature. To assess the ability of the recombinant enzyme to decontaminate the mycotoxin under different conditions that are less preferable for enzymes in general, we examined the influence of water activity and temperature on ZEN degradation. Since the toxigenic Fusarium no longer produces ZEN when the a w is reduced to 0.90 (21) , the effect of the water activity on ZEN-degrading activity was examined at an a w above this value. Experiments with purified recombinant ZHD101 (30) showed that the enzyme activity when the a w was 0.90 was at least 64% of that when the a w was 1.00 when compared at the same temperature (in the range of 15 to 30°C) and that, at an a w of 0.90 at 15°C, the enzyme still retained 33% of its activity compared to that when the a w was 1.00 at 30°C (data not shown).
The ZEN-degrading activities of transgenic kernels were assayed by an in vitro experiment with an incubation period of 24 h. Consistent with the relative insensitivity of purified ZHD101 to lower water activity and temperature, the crude cell extract of the transgenic seeds could remove 84% of ZEN in the reaction mixture at an a w of 0.90 at 20°C (Fig. 5a ). This in vitro experiment also demonstrated that as much as 95% of ZEN in the reaction mixture was degraded when the a w was 0.97 at 25°C, one of the conditions under which the fungus is known to produce its highest yield of ZEN (10, 21) . The activity under these conditions was substantially equal to that at an a w of 1.00 at 30°C. The in vivo ZEN degradation assay also demonstrated that the transgenic kernels could degrade significant amount of ZEN under the above conditions. As shown in Fig. 5b , the residual amounts of ZEN in the artificially contaminated transgenic seeds were significantly reduced compared to the amount in the wild-type control during an incubation period of 48 h. In terms of the decontamination efficiency, 16.9 and 24.0 g of ZEN were removed per gram of seed at an a w of 0.90 at 20°C and at an a w of 0.97 at 25°C, respectively (cf. 27.6 g removed per gram of seed at an a w of 1.00 at 30°C).
Detoxification of ZEN in Fusarium-infected transgenic kernels. After the surfaces of the Fusarium-infected seeds were washed, the amounts of ZEN were quantified. The ZEN-producing conditions for F. graminearum in the wild-type and transgenic maize kernels should be equal in each experiment since the fungal inoculation of both types of kernels was carried out in a single Erlenmyer flask. The wild-type and transgenic seeds were easily distinguished by the EGFP-tag attached to the detoxification enzyme. As shown in Fig. 6 , the wild type contained 15.4 Ϯ 3.7 ng of ZEN per gram of seed. This level of contamination is comparable to the concentration of ZEN reported to occur naturally in infected maize kernels (e.g., 4 to 388 ng per gram of seed in the results reported in reference 13 and 14 to 169 ng per gram of seed in the results reported in reference 17). In contrast, noninoculated seeds (data not shown) and the T 3 transgenic seeds inoculated with the fungus contained no ZEN.
DISCUSSION
Although reducing fungal infections is the most desirable method of eliminating mycotoxins from maize, cultural practices and genetic approaches have achieved limited success in disease control in terms of effectiveness and cost. In addition, efforts to produce GM crops with enhanced disease resistance, such as the introduction of insecticidal genes (22) , overexpression of antifungal proteins (1), engineering of novel secondary metabolites (8) , and transgene-mediated enhancement of plant defense pathways (18) , have not been successful on a practical level. As an alternative solution, transgene-mediated detoxification of mycotoxins has been proposed (12) . A prerequisite for this is the availability of genes encoding enzymes with detoxification activities, and with regard to ZEN, we have previously isolated zhd101 (29) . This detoxification gene was useful for transgenic decontamination of ZEN when expressed in baker's yeasts after the codon optimization (31); in addition, the active enzyme proved to be expressed in the grains of model cereal rice plants transformed with gfzhd101 (9) . Since ZEN causes a major problem in maize intended for use in stockbreeding, we have established a homozygous transgenic maize line stably expressing gfzhd101. Promisingly, the transgenic maize kernels showed sufficient ZEN-degrading activity throughout seed maturation and after storage as assessed by the in vitro enzyme assay. These results warrant the availability of active ZHD101 enzyme when and where it is needed in transgenic maize.
Unlike the situation in vitro, the transgenic detoxification of mycotoxins in maize kernels was postulated to be problematic with regard to (i) the distribution of the enzyme in relation to the mycotoxin, and (ii) the activity of the enzyme under physiological conditions in maize tissue (4) . In the case of fumonisin B 1 , the establishment of a system of transgene-mediated detoxification has not yet been reported, presumably due to such problems. Therefore, laboratory-directed enzyme evolution was conducted to improve transgenic detoxification (34) . In contrast, detoxification of ZEN in vivo was successful regardless of the conditions listed above. Indeed, the EGFP-tagged enzyme was present in all three fractions of the seeds, embryos, endosperms, and pericarps (Fig. 4a) , and the amount of ZEN in the transgenic kernels was markedly reduced in each tissue compared to that in the nontransgenic control ( Fig. 4b and c) . ZENЈs occurrence seems not to be confined to (i) specific tissues or (ii) extracellular spaces as postulated for fumonisin B 1 , because (i) exogenously absorbed ZEN was detected equally in the above three fractions of the wild-type kernels and (ii) the secretion signal was not necessary for the in vivo detoxification. Therefore, the enzyme's distribution and stability appear not to be technical problems that need to be resolved in the case of ZEN-related decontamination. The fungus produces ZEN under various conditions, including those of lower water activities and temperatures which are less favorable for the function of enzymes. We therefore evaluated the ZEN-detoxifying activities of transgenic maize under the conditions in which F. graminearum produces the highest yield of ZEN (an a w of 0.97 at 25°C) and in which it can no longer afford to produce this secondary metabolite (an a w of 0.90 at 20°C). Consistent with the relative insensitivity of the ZHD101 enzyme to decreases in water activity and temperature, the transgenic maize kernels showed significant ZENdetoxifying activity under these conditions; e.g., the in vivo experiments demonstrated that 16.9 g of ZEN was removed per gram of seed within 48 h when the a w was 0.90 at 20°C (Fig.  5b) . In this way, transgenic detoxification of ZEN in maize kernels was indicated to be useful to solve the problem of ZEN contamination under conditions similar to field situations.
Aside from the efficiency of ZENЈs degradation to DPHU, its further metabolism in maize plants (e.g., conjugation and degradation) must be examined under various abiotic and biotic stress conditions in the field. As to the potential toxicity of DPHU, in vitro assays with human MCF-7 breast cancer cells demonstrated that it shows no estrogenicity (11) . The toxicity of DPHU other than estrogenicity, if any, also needs to be evaluated by intensive in vivo studies, including large-scale ingestion experiments with several different animal systems. In addition, the potentially negative impacts of mycotoxin-degrading GM crops, such as effects on nutritional properties and the risk from allergens, also need to be assessed in the future.
F. graminearum concomitantly produces structurally unrelated mycotoxin trichothecenes, e.g., deoxynivalenol (DON), in addition to ZEN in infected grains. Therefore, DON detoxification should also be considered together with the transgenic strategies of ZEN decontamination. Although genes for irreversible detoxification of trichothecenes are not currently available, numerous efforts are being made to solve the problems of DON contamination (6, 14, 15, 19, 23, 24) . In combination with such progress in biotechnological detoxification of DON, the transgenic system of detoxification of ZEN demonstrated in this paper will contribute significantly to solving the mycotoxin problems in maize and other cereals.
